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Microwave Penetration Depth and Quasiparticle Conductivity of PrFeAsOi _ y Single 
Crystals: Evidence for a Full-Gap Superconductor 
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In-plane microwave penetration depth A a t, and quaiparticle conductivity at 28 GHz are measured 
in underdoped single crystals of the Fe-based superconductor PrFeAsOi-,, (T c ~ 35 K) by using 
a sensitive superconducting cavity resonator. \ a b{T) shows flat dependence at low temperatures, 
which is incompatible with the presence of nodes in the superconducting gap A(k). The temperature 
dependence of the superfluid density demonstrates that the gap is non-zero (A/fc_eT c > 1.6) all over 
the Fermi surface. The microwave conductivity below T c exhibits an enhancement larger than the 
coherence peak, reminiscent of high-T c cuprate superconductors. 

PACS numbers: 74.25.Nf, 74.70.-b, 74.20.Rp, 74.25.Fy 



Since the discovery of superconductivity in 
LaFeAs(Oi_ K F x ) high transition temperatures 

(T c ) up to 56 K have been reported in the doped 
Fe-based oxypnictides 0, & H H B, 0, H H ■ The nature 
of superconductivity and the pairing mechanism in this 
system are fundamental physical problem of crucial 
importance. The first experimental task to this problem 
is to elucidate the superconducting pairing symmetry, 
which is intimately related to the pairing interaction. 

The NMR Knight-shift measurements appear to in- 
dicate the spin-singlet pairing [H EH]- However, the 
superconducting gap structure, particulary the presence 
or absence of nodes in the gap, is highly controversial. 
The specific heat shows a nonlinear magnetic field depen- 
dence [l2[ . The NMR relaxation rate shows the absence 
of the coherence peak and the T 3 -dependence below T c 
IE El El El- The lower critical field exhibits a T-lincar 
dependence at low temperatures [15}. The /iSR experi- 
ments report an unusual field-dependence of the pene- 
tration depth [l6j |. In the point-contact spectroscopy, a 
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zero-bias conductance peak is reported 
results have been interpretated as an indication of un- 
convensional superconductivity with line nodes. On the 
other hand, the Andreev reflection data are found to be 
consistent with an isotropic gap [lj|. All of these ex- 
periments have been performed by using polycrystallinc 
samples. Definitely, measurements using single crystals 
are highly desired to obtain unambiguous conclusions on 
the superconducting gap structure. 

In this paper, we report on the measurements of the 
complex surface impedance in underdoped single crystals 
of the oxypnictide superconductor PrFeAsOi_ a (T c k 
35 K), from which properties of thermally excited quasi- 
particles can be directly deduced. Since the recent NMR 
experiments of the Pr-based iron oxypnictide suggest the 
non-magnetic state in the superconducting samples 111 ]. 



PrFeAsOi „ seems suitable for the penetration depth 
study [20, [21|. Moreover, PrFeAsOi_ a has a higher 
T c than that of La-compounds, which enables the mea- 
surements in a wider temperature range. We observe 
flat temperature dependence of the in-plane penetration 
depth X a b(T) at low temperatures, indicating exponen- 
tially small quasiparticle excitations, which clearly con- 
tradicts the presence of nodes in the gap. The quasipar- 
ticle conductivity is enhanced compared with the BCS 
theory below T c , which bears a similarity with high-T c 
cuprates and heavy fermion superconductors with strong 
electron scattering in the normal state above T c . 

At microwave frequencies ui, the surface impedance 
Z s = R s + iX s , where R s (X s ) is the surface resistance 
(reactance) , and complex conductivity a = a\ — 102 are 
given by 



Z s — Rs + i-Xg — 



o~i - icr 2 



1/2 



(1) 



for the case of local electrodynamics. In the super- 
conducting state, the surface reactance provides a di- 
rect measure of the London penetration depth A via 
X S (T) = /xowA(T). The number of excited quasiparti- 
cles is most directly related to A(T), since the superfluid 
density n s is proportional to A~ 2 . The real part of con- 
ductivity o\ is determined by the quasiparticle dynam- 
ics, and in the simple two-fluid model, which is known 
to be useful in superconductors with strong correlations 
[22j |. o\ is related to the quasiparticle scattering time r 
through a 1 = (n — n s )e 2 r/m*(l + uj 2 t 2 ), where n is the 
total density of carriers with effective mass m*. 

Single crystals of PrFeAsOi _ y were grown by high- 
pressure synthesis method using a belt-type anvil appa- 
ratus. Powders of PrAs, Fe, Fe203 were used as the start- 
ing materials. PrAs was obtained by reacting Pr chips 
and As pieces at 500°C for 10 hours and then 850°C for 5 
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FIG. 1: (color online). Temperature dependence of the 
surface resistance R s and reactance X s at 28 GHz in a 
PrFcAsOi-y single crystal (#1). In the normal state, R 3 = 
X s as expected from Eq. ((TJ. The low-temperature errors in 
R s are estimated from run-to-run uncertainties in Q of the 
cavity. Inset shows the microwave resistivity pi(T) (red cir- 
cles) compared with the dc resistivity in a crystal from the 
same batch (black squares). The dashed line represents a T 2 
dependence. The measurement configuration is also sketched. 



hours in an evacuate quarts tube. The starting materials 
were mixed at nominal compositions of PrFeAsOo.6> and 
pressed into pellets. The samples were grown by heating 
the mixtures in BN crucibles under a pressure of about 
2 GPa at 1300°C for 2 hours. Plate- like crystals up to 
150 x 150 fim 2 in the ab planes are extracted mechani- 
cally and they have shiny surfaces. Our crystals, whose 
T c (p« 35 K) is lower than the optimum T c w 51 K in 
PrFeAsOi-y are in the underdoped regime, which 



is close to the spin density wave order [24| . We have care- 
fully checked the homogeneity of the crystals by usin g th e 
magneto-optics measurements of field distribution [25j, 
which reveal that a nearly perfect homogeneous Meiss- 
ner state is attained within 2 K below T c . 

The surface impedance was measured by a cavity per- 
turbation method with the hot finger technique [26|, [27| . 
We used a 28 GHz TE n-mode superconducting Pb cav- 
ity with a high quality factor Q ~ 10 6 . To measure the 
surface impedance of the small single crystal with high 
precision, the cavity resonator is soaked in the superfiuid 
He at 1.6 K and its temperature is stabilized within 
±1 mK. We place a crystal in the antinode of the mi- 
crowave magnetic field H w (|| c axis) so that the shielding 
current l u is excited in the ab planes [see sketch in Fig.Q] . 
The inverse of quality factor 1/Q and the shift in the res- 
onance frequency are proportional to R s and the change 
in X s , respectively. To determine the absolute values of 
Z a , the in-plane dc resistivity p(T) was measured by us- 
ing the W deposition technology of a focused ion beam 
system to put 4 contacts. We also use A a b(0) = 280 nm, 
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FIG. 2: (color online). (a) Temperature dependence of 
SX s (T)/X s (0), which corresponds to 5X ab (T)/SX ab (0) in the 
superconducting state, for crystals #1 (left) and #2 (right). 
Note that the experimental X s is limited by pquj8 c i/2 above 
T c . Inset is an expanded view at low temperatures. The 
dashed lines represent T-linear dependence expected in clean 
d-wave superconductors with line nodes. The solid lines are 
low-T fits to Eq. @. (b) Temperature dependence of the su- 
perfiuid density A^(0)/A^(r). The solid lines are the best 
fit results to the two-gap model, and the dashed and dashed- 
dotted lines are the single gap results for Ai and A2, re- 
spectively. T c is defined by the temperature at which the 
superfiuid density becomes zero. 



which is determined from the lower critical field measure- 
ments using a micro-array of Hall probes in the crystals 
from the same batch [25j. In our frequency range, the 
skin depth 5 c i is much shorter than the sample width, 
ensuring the so-called skin-depth regime. 

Figure [1] shows typical temperature dependence of the 
surface resistance R s and X s . In the normal state where 
lot is much smaller than unity, the temperature depen- 
dence of microwave resistivity p\ — 2R 2 S / ptQLo is expected 
to follow p(T) [see Eq. (flj)]. Such a behavior is indeed 
observed in the inset of Fig.[T] Below about 100 K pi(T) 
exhibits a T 2 dependence and it shows a sharp transition 
at T c w 35 K. As shown in the main panel of Fig. [1] the 
crystal has low residual R s values in the low temperature 
limit. These results indicate high quality of the crystals. 
We note that the transition in microwave p\ (T) is intrin- 
sically broader than that in dc p(T), since the applied 
28-GHz microwave (whose energy corresponds to 1.3 K) 
excites additional quasiparticles just below T c . 

In Fig. [2]Ja) shown are the normalized change in the 
surface reactance 5X S (T) = X S (T) — X s (0), and the cor- 
responding normalized change in the in-plane penetra- 
tion depth SX a b(T) — X a b{T) — A a {,(0) for two crystals. 
The overall temperature dependence of 5X S (T) in these 
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crystals is essentially identical, which indicates good re- 
producibility. It is clear from the inset of Fig. [2(a) that 
5X a b(T) has flat dependence at low temperatures. First 
we compare our data with the expectations in unconven- 
tional superconductors with nodes in the gap. In clean 
superconductors with line nodes, thermally excited quasi- 
particles near the gap nodes give rise to the T-linear tem- 
perature dependence of 5X a b(T) at low temperatures, as 
observed in YBa2Cu30y_5 crystals with <i-wave symme- 
try [H. In the d-wave case, <5A ah (T)/A ah (0) « lj ^k B T 
is expected [2l[ , where Ao is the maximum of the energy 
gap A(k). This linear temperature dependence with an 



estimation 2Ao/fcsT c « 4 



[dashed line in Fig. [2(a)] 



distinctly deviates from our data. When the impurity 
scattering rate Fi mp becomes important in superconduc- 
tors with line nodes, the induced residual density of 
states changes the T-linear dependence into T 2 below 
a crossover temperature T* mp determined by r imp [2lj |. 
This is also clearly different from our data in Fig. Eta). 
If by any chance the T 2 dependence with a very small 
slope should not be visible by the experimental errors 
below ~ 10 K, then we would require enormously high 
T*. However, since no large residual density of states 
is inferred from NMR measurements even in polycrys- 
talline samples of La-system with lower T c fl3l . [3] , such 
a possibility is highly unlikely. These results lead us to 
conclude that in contradiction to the presence of nodes 
in the gap, the finite superconducting gap opens up all 
over the Fermi surface. 

In fully gapped superconductors, the quasiparticle ex- 
citation is of an activated type, which gives the exponen- 
tial dependence 



SXab(T) 
Aafc(0) 



7rA 

2k B T 



exp 



—) 

k B Tj 



(2) 



at T < T c /2 [29[. Comparisons between this dependence 
and the low-temperature data in Fig.^Ia) enable us to es- 
timate the minimum energy A m j n required for quasipar- 
ticle excitations at T — K; i.e. A m i n /fcsT c = 1.6 ±0.1. 

We can also plot the supernuid density n s = 
A 2 b (0)/A 2 b (T) as a function of temperature in Fig. [2(b). 
Again, the low-temperature behavior is quite flat, indi- 
cating a full-gap superconducting state. We note that by 
using the gap A m i n obtained above alone, we are unable 
to reproduced satisfactory the whole temperature depen- 
dence of n s [see the dashed lines in Fig. [2(b)], although 
a better fit may be obtained by using a larger value of 
A = 1.76fesT c , the BCS value. Since Fe oxypnictides 
have the multi-band electronic structure we also 

try to fit the whole temperature dependence with a sim- 
ple two-gap model n s (T) = xn s i(T) + (l — x)n S 2(T): The 
band 1 (2) has the superfluid density n s x (n S 2) which is 
determined by the gap Ai (A2), and x defines the rela- 
tive weight of each band to n s . This simple model was 
successfully used for the two-gap s-wave superconductor 
MgB2 with a large gap ratio A2/A1 w 2.6 [32^ . Here 
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FIG. 3: (color online). Temperature dependence of quasipar- 
ticle conductivity o\ normalized by its T c value at 28 GHz 
for two crystals. The solid line is a BCS calculation [34[ of 
o"i(T)/eri(T c ) with r = 1.2 x 10~ 13 s, which is estimated from 
p(T c ) = 77 ^ficm and A a6 (0) = 280 nm. 



we fix Ax — A min obtained from the low-temperature fit 
in Fig. [2(a), and excellent results of the fit are obtained 
for A 2 /k B T c = 2.0 and x = 0.6 [see Fig. [2(b)]. These 
exercises suggest that the difference in the gap value of 
each band in this system is less substantial than the case 
of MgB 2 . 

Next let us discuss the quasiparticle conductivity 
<7i(T), which is extracted from Z S (T) through Eq. (JTj) - 
The results for samples #1 and #2 are demonstrated in 
Fig. EI Although at low temperatures we have apprecia- 
ble errors, it is unmistakable that u\{T) shows a large en- 
hancement just below T c [33J. This enhancement is con- 
siderably lar ger than the coherence peak expected in the 
BCS theory 34|. Similar large and broad enhancements 
of <7i (T) in the superconducting state have been observed 
in the high-T c cuprate [22| and heavy-Fermion supercon- 
ductors [35| having strong inelastic electron scattering 
that is gapped below T c . There, the enhancement has 
been attributed to the strong suppression of the quasi- 
particle scattering rate 1/r. It warrants further studies 
to clarify whether the observed enhancement of 01 (T) in 
PrFeAsOi_y comes from the same origin, or from some 



novel mechanism that enhances the coherence peak in 
the multiband system. 

Various theories have been proposed for the pai ring 
symmetry in the doped Fe-based oxypnictides [36j, |37|, 
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_ _43|| . Among them, theories based on 
antiferromagnetic spin fluctuations 3(| 37 1 predict fully 
gapped superconductivity although there is a sign rever- 
sal of the order parameter between different Fermi surface 
sheets. As confirmed by recent ARPES measurements 
3l|, doped Fe-based oxypnictides have hole pockets in 



the Brillouin zone center and electron pockets in the zone 
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edges [30J. It has been suggested that the nesting vec- 
tor between these pockets is important, which favors an 
extended s-wave order parameter having opposite signs 
between the hole and electron pockets. Our penetra- 
tion depth result of full gap is in good correspondence 
with such an extended s-wave state (or s± state) with no 
nodes in both gaps in these two bands. In addition, such 
a sign change would suppress the coherence peak in the 
NMR relaxation rate, in agreement with the experiments 
III EH El El ■ We note that other theories [3, EJ [42 1 
are also consistent with the fully gapped superconductiv- 
ity. 

In summary, we provide strong evidence for the 
absence of nodes in the superconducting gap from 
microwave penetration depth measurements in non- 
magnetic PrFeAsOi_j, single crystal with a sharp tran- 
sition at T c « 35 K. The flat dependence of X a b{T) and 
n s (T) at low temperatures demonstrates that the finite 
superconducting gap larger than ~ 1.6fcsT c opens up all 
over the Fermi surface. The microwave conductivity ex- 
hibits an enhancement larger than the BCS coherence 
peak, reminiscent of superconductors with strong elec- 
tron scattering. The present results impose an important 
constraint on the order parameter symmetry, namely the 
newly discovered Fe-based high-T c superconductors are 
fully gapped in contrast to the high-T c cuprate super- 
conductors. 
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After submission, MHz penetration depth measure- 
ments have been reported in SmFeAsOi_ K Fj, 
NdFeAsOo.gFo.i [4a], which arc consistent with 



44( and 
our 

conclusion of a full-gap superconducting state in Fe- 
oxypnictidcs. 
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